[1] The total volume of extrusive volcanism on the Moon provides a basic thermal and geologic constraint, and accurate volume assessments are contingent upon constraining lava flow depths. Here, employing UV-VIS data from the Clementine mission, we estimate mare thickness values in the Imbrium Basin by analyzing ejecta from large (>10 km diameter) impact craters that penetrate (or failed to penetrate) through the mare. Mare thickness values are found to range from at least $2 km at the basin center to 1.5-2.0 km in the buried ring shelf annulus. This corresponds to a basalt volume of $1.3 Â 10 6 km 3 , almost a factor of two greater than the volume estimated from partially filled craters alone. Our results indicate that thickness measurements from penetrating craters, combined with minimum estimates from partially filled and non-penetrating craters, provide a more complete picture of the spatial variation of basalt thickness values than could previously be obtained. Citation:
Introduction
[2] Approximately 16% (6 Â 10 6 km 2 ) of the Moon's surface is covered by basaltic lava flows that comprise the lunar maria [Wilhelms, 1987] . Although the total areal extent of these lava flows is known, their thicknesses are more difficult to constrain. The question of basalt thickness is an important one, for the total volume of extrusive lunar lava provides a basic constraint on the Moon's thermal and petrogenetic evolution. Measurements of individual flow thickness are somewhat limited [e.g., Howard et al., 1972; Schaber, 1973; Gifford and El-Baz, 1981; Hiesinger et al., 2002] , and these direct measurements only apply to the uppermost lava layers. Indirect techniques for measuring the total accumulated thickness of basalt include using gravity, seismic, or radar data [e.g., Cooper et al., 1974; Sharpton and Head, 1982; Talwani et al., 1973] ; analyses of craters partially filled with basalt [e.g, De Hon and Waskom, 1976; De Hon, 1979] ; comparisons of lunar basins filled with mare deposits to unfilled basins [Head, 1982] ; and analyses of impact craters that have completely penetrated the mare [Andre et al., 1979; Budney and Lucey, 1998; Rajmon and Spudis, 2004] .
[3] The thickness estimation technique that provides the highest spatial resolution data is based on craters that have been partially filled with basalt [De Hon and Waskom, 1976; De Hon, 1979] . In this method, mare thickness is determined from the difference between a partially filled crater's exposed rim height and its estimated original, pre-fill rim height. This technique, however, is not without its drawbacks. Impact degradation of the craters' rim heights may lead to thickness overestimation; it was suggested on this basis that initial estimates made using rim heights may be too high by a factor of two [Hörz, 1978] . Alternatively, on the basis of comparison with the unfilled Orientale Basin, it has been suggested that thickness estimates from flooded craters may be too low by a factor of two [Head, 1982] .
[4] Here we report estimates of lava thicknesses in the Imbrium Basin using 23 large craters >10 km in diameter that have completely penetrated (or failed to penetrate) through the mare. These craters are analyzed with high spatial scale ($100 m/pixel) Clementine UV-VIS multispectral image data to assess the contribution of underlying basement material. Utilization of penetrating craters expands the number of control points available for contouring basalt isopach maps (maps of stratigraphic thickness) and helps provide more robust thickness estimates. Given the inherent non-uniqueness of thickness solutions obtained by the inversion of gravity anomalies, the results of this study can inform these models for locations where an adequate number of control points are available.
Method

Clementine Data Processing
[5] For the craters in Imbrium Basin analyzed in this study, we processed Clementine data from the UVVIS camera to produce maps of estimated iron concentration (wt% FeO) of the surface regolith [Lucey et al., 2000] . Uncertainty values associated with the iron estimates derived using this method are about ±1 wt% based upon calibration of individual Clementine pixels covering the lunar sample-return sites [Blewett et al., 1997; Lucey et al., 1998 ]. Comparison of the Clementine estimates with iron abundance measurements by Lunar Prospector gamma-ray and neutron spectrometer data reveals a close similarity over most areas of the lunar surface [Lawrence et al., 2002] , thus lending confidence to the Clementine-derived iron estimates.
Crater Excavation Depth
[6] In order to use an impact crater as a subsurface probe, the excavation depth of the crater must be ascertained. As a general rule of thumb, the maximum depth of excavation, H exe , is approximately equal to 1/10 the transient crater diameter (D t ) [Croft, 1980; Melosh, 1989] . For simple lunar craters (<15 km), the diameter of the transient crater is related to the final crater rim-to-rim diameter (D) by equation (1),
[7] For larger, complex craters (>15 km), the diameter of the transient cavity can be estimated from measurable crater properties using a basic geometric model (see Melosh, 1989, p. 143] for further discussion).
In equation (2), D is the crater's rim-to-rim diameter, H is the crater depth, D f is the crater's floor diameter, and D t is the transient crater diameter.
[8] Of the parameters needed in equation (2), the final crater diameter is measured directly from image data. The crater depth and floor diameter (H and D f ) are determined from Lunar Topographic Orthophotomaps where available or are estimated using empirically determined relationships [Pike, 1977] .
Ejecta Measurements and Estimation of Basalt Thickness
[9] Measurements of lunar craters [Moore et al., 1974] indicate that the average radius of continuous ejecta (R ce ) increases in a regular manner with crater radii (R) as
To estimate the thickness of basaltic material penetrated by a crater, we utilize the fact that material from shallower depths within the pre-impact stratigraphy tends to be thrown farther away from the crater rim than material excavated from deeper layers [e.g., Shoemaker, 1963; Stöffler et al., 1975] . An inverted stratigraphy is created when material from deeper stratigraphic layers, deposited close to the rim crest, is superposed upon ejecta from shallower depths. We assume that the pre-impact stratigraphic sequence consists of essentially two layers: a layer of mare basalt with horizontal upper and lower boundaries lying atop basement highland material ( Figure 1a ).
[10] For each of the craters examined in this study, we extracted 36 radial profiles from the estimated iron concentration maps in 10°increments from the crater's center. In each profile, the radial limit of the low FeO basement ejecta was measured and the results were averaged together to determine the mean radial extent of the basement component (R base ). Although numerous experimental studies and numerical simulations have investigated impacts into layered targets [e.g., Stöffler et al., 1975; Senft and Stewart, 2007] , little work has been done that specifically addresses the relationship between radial position of ejecta on the upper surface of the continuous ejecta blanket and depth of excavation in layered targets. Therefore, as a first approximation, we have assumed that the radial fraction of the continuous ejecta blanket occupied by low-iron ejecta is linearly related to the fraction of the maximum excavation depth occupied by basalt (Figure 1b) . To test the plausibility of this approximation we measured basalt thickness directly in the near-rim wall slope of the crater Pytheas (see auxiliary material, Figure S1 ), a measurement that proves unfeasible at most craters due to obscuration by mass wasting and other fill deposits.
1 The measured range of thickness values at Pytheas (0.3 -0.8 km) is consistent with the value of 0.44 ± 0.15 km estimated via the penetrating crater method, providing some support for this ad hoc assumption. Using this assumption, the thickness of basalt (H b ) can be determined according to the relation:
We assume that craters lacking a ring of low FeO ejecta did not penetrate completely through the mare, but such craters remain useful as they provide constraints on the minimum basalt thickness (i.e., in equation (4), if R base R, H b ! H exe ).
[11] One potential concern with our general approach is that mixing of crater ejecta may obscure the signal, either from ballastic sedimentation [Oberbeck, 1975] or later regolith gardening [e.g., Gault et al., 1974] . However, as indicated by the example given in Figure 2 , the penetrating craters analyzed in this study show an abrupt, step-like discontinuity within their continuous ejecta blankets that marks the terminus of low FeO ejecta. It is unlikely that Figure 1 . (a) Idealized cross-section of an impact crater than has penetrated the mare/highland interface and exposed basement, low-iron ejecta. R ce is radius of continuous ejecta (as defined in equation (3)), R base is the radius of the lowiron ejecta component, H exe is the excavation depth, and H b is the thickness of basalt. (b) Plot of basalt thickness (H b ) versus the radial fraction of the continuous ejecta blanket (R ce ) occupied by low-iron ejecta (R base ). R is the crater's radius. As R base ! R ce ,
these sharp discontinuities would be preserved if mixing were a major issue.
Results
[12] We examined all 23 craters on Mare Imbrium >10 km in diameter (Table 1) . As indicated by their surrounding halos of low FeO ejecta (e.g., Figure 2 ), six craters (Aristillus, Autolycus, Brayley B, Euler, Pytheas, and Timocharis) clearly penetrate the mare and excavate low iron basement material. Nine others lack a low iron ejecta component (Table 1) and we infer that they failed to penetrate the mare/highland interface and thus yield only minimum estimates of basalt thickness. Six craters (Table 1) are partially filled with basalt. Finally, two additional craters (Table 1) have a low iron component exposed in their central peak regions but not in their ejecta. This suggests that the mare/highland interface is close to, but below, these craters' maximum excavation depths, and that exposures of basement material were brought up to the surface due to rebound during the modification stage of crater formation. Cintala and Grieve [1998] used data from 12 lunar craters to derive an empirical relationship between the magnitude of structural uplift (u s ) and crater diameter of u s = 0.022D 1.45 , yielding an average uplift depth of about 0.1 D. This value agrees well with studies of the depth of structural uplift in complex terrestrial craters [e.g., Grieve and Therriault, 2004] . Using these uplift estimates, for craters with low FeO central peak regions, the depth of basalt can be generally constrained to be greater than the excavation depth (H exe ) but less than H exe À 0.1 D.
[13] Measured thickness values from this study were combined with thickness data points derived from partially flooded craters to create the basalt isopach thickness map in Figure 3a . A simplified version of the previous isopach map made using partially flooded crater data alone [De Hon, 1979] is given in Figure 3b for comparison.
Discussion
[14] In comparing the revised and original map of mare basalt thickness (Figures 3a and 3b, respectively) , it is apparent that much of the basic spatial pattern remains consistent. Mare Imbrium consists of a circular central thick lens that is surrounded by an annular zone of thinner basalt (some of which is presumably located over a buried Imbrium Basin ring and ring shelf [Spudis, 1993] ). Outside Figure 2 . Estimated iron concentration map of the crater Timocharis (crater diameter = 33 km) derived from Clementine UV-VIS data [Lucey et al., 2000] . Radial profile A-A 0 shows distinct step (arrow) from low iron ejecta inferred to represent sub-mare basement material to higher iron ejecta. (1) or (2) this annulus, the thickness increases before decreasing to zero at the basin margins. The principal difference between the two maps is that the thickness values for the craters measured in this study are in excess of 0.5 km greater than the thickness values determined from partially flooded craters alone. Mare basalts in the central portion of the basin may exceed 2.0 km in depth (instead of the previously reported 1.5 km), and the regions of closed contours in the southwest and eastern portions of the basin have increased maximum values from 1.0 to 1.5 -2.0 km. This 0.5 km excess of thickness values is greater than the uncertainty associated with individual thickness estimates (Table 1) .
[15] The one location where the results of our study directly contradict flooded crater thickness estimates is at the crater Helicon (Figure 3a , crater marked with gray star centered at 40.4°N, 23.1°W). The estimated iron concentration map of this crater confirms that it is partially flooded with mare basalts, consistent with the previous thickness estimate of 0.54 km [De Hon, 1979] . Yet although the ejecta blanket of Helicon is partially obscured by younger lava flows, no trace of low FeO highland basement material is evident in the proximal ejecta. Therefore, it appears that Helicon Crater impacted onto an intermediate basalt surface and was then embayed and partially flooded by later lava flows. The thickness value of 0.54 km likely represents the thickness of the most recent episodes of mare volcanism in this region, while the cumulative thickness of basalt exceeds the crater's excavation depth (>1.81 km).
[16] The example of Helicon Crater illustrates that partially flooded craters, at least in this study area, typically reflect minimum thickness values. Partially flooded craters only record the thickness of mare fill emplaced after each crater formed; this study indicates that the total basalt thickness may be substantially greater if the flooded craters postdate early mare fill. On balance, the results from our study do not support the assertion that basalt thickness estimates obtained from partially flooded craters were systematically overestimated [Hörz, 1978] . While the results support the general approach of using basin scaling to constrain thickness values [e.g., Head, 1982] , our understanding of Imbrium Basin is advanced significantly by using a network of individual thickness estimates that are more sensitive to small-scale variability.
[17] Our analysis indicates that Mare Imbrium has a total volume of basalt equal to about 1.3 Â 10 6 km 3 , a value which is almost a factor of two greater (92%) than the value based on the results of flooded craters (6.8 Â 10 5 km 3 , see Figure S2 ). Measurements of basalt depth in the basin ring shelf area are well constrained by multiple data points in this study and have a correspondingly high degree of confidence associated with them. The total thickness of fill at the center of the basin, however, still cannot be directly constrained using the methods employed in this study -a value of 2.0 km is assumed here for the innermost radius of 200 km. This is substantially less than the 9.25 km inferred from Apollo gravity data [Solomon and Head, 1980] , although this value may be an overestimate since it does not account for an uplifted plug of mantle material [Wise and Yates, 1970; Neumann et al., 1996] . Estimates of the basin center fill depth based on Clementine altimetry range from 3 -4 km [Spudis and Adkins, 1996] to 5.24 km [Williams and Zuber, 1998 ]. If central thicknesses in the range of 3.0 to 5.24 km are assumed instead of 2.0 km, the resulting total volume of basalt in Imbrium (about 1.4 to 1.7 Â 10 6 km 3 ) is largely unchanged, increasing by only 8 -30%.
[18] The total volume of extruded basalt in Imbrium Basin provides, at least in part, important thermal and geophysical constraints for the Moon. While extrapolating our results to a blanket assessment of the global inventory of lunar volcanism is premature (until thickness estimates for other mare are re-assessed as well), recent estimates of the total basalt volume of 2 Â 10 6 km 3 [Wieczorek et al., 2006] are inconsistent with our value for Imbrium alone (1.3 Â 10 6 km 3 ). Our data suggest higher net eruption volumes, consistent with some earlier global predictions [e.g., Head and Wilson, 1992] , and hence a greater degree of thermal activity for the Moon. 
